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FORT EUSTIS VIRGINIA 23604

This report represents a part of the U. §. Army Aviation Materiel

Laboratories' program to investigate mechanical transmission
system concepts for a shaft-driven heavy-lift helicopter >f the
75,000- to 95,000-pound-gross-weight class. The purpcse of the
investigation was to determine the high-risk or problem areas
that could be expected in the development of a drive train for
a mechanically driven heavy-lift helicopter.

This report presents a comparative analysis of several power
train concepts for use in a single-rotor shart-driven heavy-
1ift helicopter.

This command concurs with the contractor's recommendations
and conclusions reported herein.
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SUMMARY

This report covers a 6-month design investigation of transmission
system concepts capable of operation in a2 single-rotor heavy-lift
helicopter of 75,000 to 95,00C pounds gross weight.

The study has rovered the selection of engines, considering engine
installations utilizing models of four different engines. An evalua~
tion of each engine installation and effect on overall performance has
been included herein. 7Two separate installations, the first incorpora-
ting front-drive turbines and the second incorporating rear-drive
turbines, have been utilized for the layout design of conventional and
alternate transmission s 3tem concepts.

Specific areas considered in the design have included the study of
high-speed bevel gears and bearings utilized in the initial reduction
stages, high-torque lightweight planetary gearing and bearings, and the
design of hypercritical shafting systems.

The results of this study indicate that the total power transmission
system weight for a single rotor HIH is approximately 8,850 pounds.
This weight, which includes all gearboxes, shafting, rotor brake, and
lubrication systems, is approximately 7 percent less than the results
of earlier studies, The mechanical efficiency of this traismission
system is greater than 96.2 percent.

Studies of alternate drive concepts including the harmonic drive, the
roller gear drive, and redundant power path gearing systems indicate
the suitability of the roller drive for inclusion in the HIH trans-
mission system, since this concept may afford a weight saving as high
as 10 percent over conventional planetary drives.

A comparative reliability analysis of the HIH and a current model

aircraft designed for similar mission operation (based on available
service failure data for that aircraft) has been included as appendix IV,
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PREFACE

This report covers the study of several power trans-
mission concepts capable of satisfying the power
requirements of a single-rotor heavy-lift helicopter
(contract DA 44=177-AMC-24L0(T)). Sikorsky Aircraft,

a Division of United Aircraft Corporation, was the
contractor for this study. The Gleason Works, The
Thompson Ramo Wooldridge Corporation, and the Curtiss-
Wright Division provided pertinant data upon which
portions of the study were based. Data on the growth
versions of current production engines were provided
by Allison Division of the General Motors Corporaticn,
the General Electric Company, and the Lycoming Division
of thLe Avco Corporation.

The principals for this investigation were L.R. Burroughs,
Assistant Supervisor, Mechanical Design and Development
Section, J.L. lLastine, Senior Design Analytical Engineer,
and L. Webb, Design Engineer, Sikorsky Aircraft. The
government representatives at U,S. Army Aviation Materiel
Laboratories, Fort HKustis, Virginia, were Mr. E.M. Manning,
Contracts Administrator, Mr. J. Nelson Daniel, G:oup
Leader, Aerorautical Systems and Equipment Group, a:d Mr.
W.A, Hudgins, Project cingineer,
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SYMBOLS

A Area, in.<

Number of blades

(agd

BRR Basic radial rating, 1b.
c Damping coefficient
C Blade chord, ft.
Cy Bearing load rating, 4ib.
Ce 0il flow experience factor
Cdo Profile drag ccefficient
Cp Specific heat, BTU/1b./OF
d Outside diameter - pinion bearing inner race, in,
D, Fitch diameter of circular spline, in,
Dp Pitch diameter - pinion, in.
D, Pitch diameter - ring, in,
Dy Root diameter, in,
Dy Pitch diameter - sun, in.
e Offset of hinge pin from center line of rotation,
B Modulus of elasticity, psi
14 Axial stress, psi
fy, Bending stress, psi
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i Shear stress, psi

£ Vibratory str-ess, psi
Fe Centrifugal force, lb,, or ellowable compressive stress, psi
Fen Endurance limit, pei
Fup Friction horsepower
B Ultimate tensile strength, psi
Fstu Torsional modulus of rupture, ps.
g Distance between planetary plates, in.
G ¥, Gross weight, 1b.
HP Horsepower
gl Shaft inclination angle, degrees
I Moment of inertia, in.%
e Inside diameter, in.
J Rotor system inertia, ft.-1b. sec .
I Ratio ~ basic radial rating to basic thrust rating
Ky Stress concentration factor
L Chordal distance between center lines of planet pinions, in,
M Moment, in.-1lb.
aM Mass increment, slugs
HeSe llargin of safety
Rlafile Nautical mile
N Number of teeth
xvii
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Shaft critical speed (l...i...n), RPM

Number of planet pinions

Qutside diameter, in.
Axial force, 1b,

Diameteral pitch
Roller radial load, 1lb.,
Roller tangential load, 1lb,

Pitch line velocity, fpm
Profile <rag torgue, ft,-lb.

Heat generated, BTU/HR.

Jil cooler heat reiection rate, BTU/HR.

Heat conducted through case, BTU/HR,

Radial egquivalent, 1b.
Reduction ratio
Plate thickness, in.

Fed thickness, in,

A Time, seconds
& Tempzrature, OF

A Temperature, °C

Torque, in.-lb. or f{t,-1bh,

BTU/MR. /in.2/°C
Speed
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0il fliow, gallons/minute

o Ceparating fosce, 1b,
Vi Tangential force, 1b.
ﬁx Axial force, 1b,

Section modulus, in.3

™

[aN]
98}

hass eccentricity

Flapping angle, degrees

< o

u,r1 Fitch angle - bevel gears, degrees
5 Deflection, in.
e sngLlar distance, radians
A Plate slope, in./in.
‘iass density of air, lb./ft.3
ea +lass density of aluminum, lb.fft.B
Co .lass density of MIL-L-7808 oil, 1b./ft.>

Fressure angle, degrees

Spiral angle, degrees

Full load nip angle, degrees

Anguiar velocity, radians per second

Damping factor
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INTRODUCTION

The parametric study of Sikorsky Engineering Repcrt 50273, completed by
the contractor in June 1962, depicts a single rotor crane configuration
capable of carrying a 1l2- to 20-ton payload. Since this aircraft meets
the basic mission requirements of the contract, it will be used as the
airframe for the transmission study.

To determine the configuration, weight, and efficiency of the 20-ton
neavy-1lift helicopter drive train, a comparitive evaluation of several
power train cocncepts has been made and is presented herein. The initial
pover train arrangement is based on what is considered by the contractor
1o be a conventional design using currert state of the art design
procedures and parameters., Against this conventional or "basic" design,
other power transmission concepts such as the harmonic drive, roller
gear drive, and redundant power path arrangements have been evaluated,

All design evaluations have been made using allowable design stresses
to assure cperating intervals for dynamic components of at least 1,200
hours batween overhauls and minimum service life of 3,600 hours,

et A SRR WY T - = UV




As 2
that:

CONCLUSICONS
result of this power transmission design study, it is concluded

1. Shaft-driven single-rotor helicopters can successfuily fulfill
all the contract mission requirements with growth versions cf
current production engines without the necessity of thrust
augmentation or regenerative combustion cycles,

2. The engine selection 1s based on the ll-ton 0GE, 6,000-foot,
95°F hot-day hover requirement and the fuel expended during the
{erry mission. The engines best meeting the power and SFC levels
required for minimum overall zircraft weight are the T6L/S54 and
the 548-CZ. The "basic" transmission study has been made using
the TéL/SSA, and necessary modifications to accommodate the

5,8~C2 are presented as secondary evaluations,

2. A conventional geared transmission system can be designed and
fabricated for power levels up to 18,000 HP at a reauction ratio of
97 to 1 and with a mechanical efficiency of greater than 95,2 per-
cent for a weight of less than 0.4L9 pound per horsepower., No
major problems or high-risk development items are anticipated,

4. The lightest ‘.ail rotor drive is that system incorporating
hypercritical shafting (operating at 5,922 RP¥) from the main
transmission to the 1,575:1 ratio intermediate gearbox and super-
eritical (3,760 RPM) pylon shafting driving a tail rotor gearbox
of 6.18:1 ratio. In comparison to a conventional subcritical
system, a weight savings of 189 pounds is realized and the aft
weight moment affecting the center of gravity of the aircraft is
reauced by 7,800 foot-pounds.

5. The roller gear drive concept is practical for high ratio-

nigh torque nower transcission gstems and appears, fram preliminary
investigations, to afford weight savings and increased efficiency
over conventional geared systems,

6. The low efficiency and high weight of the harmonic drive make
this .oncept impractical at this stage of its development when
compared to the conventional ard roller gear drive systems,

7. Integration of the rotating control system within the main

rotor shaft of the main searbox appears entirely feasible and
affords some weight! saving over an external system,




RECOMMENDATICNS

l. nre-evaluate the selection of engines made herein based on the

results of the U. S, Army Aviation Materiel Laboratories (USAAML) HIH
vower plant studies, including the effect on the single rotor helicopier
transmission system design. Amend the analyses presented herein to
include the engine installation and transmission modifications determined
from this reiteration, including effects of weight, efficiency, and
system reliability,

<. The design investigation of the roller gear drive concept

initiated herein snould be continued. CQConduct, in thi~ extended study
phase, an analytical evaluation of all design parameters affecting
roller gear drive operation, including sun, planet, anc ring gear
stresses as well as stresses and deflections of the carrier. Develop
an analytical sclution for gear rollers and planet pinion bearings,
Journalis, ana gears for deflection and life similar to the contractoris
planetary vear.ng program. Evaluate roller gear drive empirically

and mocify the proposed analytical metheds to design a unit compatible
with heavy-lift requirements.,

3. Concauct a detail design program for the spring-type freewheel unit
leacing to a prototype component and associat=d hardaware, Initiate

a aevelopment test program to evaluate this concept in beth ariving
and long auration freewheeling modes {(i.e., ferry mission) against

tne empirical data currently available for cam roller units of the HLH
size (i.e., CH~54A, CH-534).

4. Continue design study of integrating rotat_ng controls within the
tranamission system, expanding the scope of the evaluation to include
hydaraulics and nonrotating as well as rotating controls,

5. Gomduct ¢ study to determine the design, manufacturing, ard
installation practices necessary to increase the reliability cf high
malfunction-rate components (such as seals, bearings, "O" rings, etc.,
Reference Appendix IV). The goal of thi3s follow-on study would be te
achieve a reiiavilit; »f these components approac..ng that of the
structural component: of the transmission .ystem (i.e., gearing,
shafting, couplings, hcusings, etc.).




BAS1C DATA

DESIGN CHARACTERISTICS

Gross Weight: 75,000-95,000 pounds

Turbine Powered

Autorotation Capabilities at Design Cross Weight Under
Normal Disc Loading

Design Load Factor a. Design Gross Weight: 2.5

Crew: one Pilot, one Copiiot, and one Crew Chief

Comporent TBO: 1,200 hours

Minimum Service Life: 3,600 hours

MISSION REQUIREMENTS

For the power train design covered herein, it has been assumed that the
frequency of occurrence of the transport and heavy-lift missiois is
approximately equal, The contractor's mission analysis indicates that
this assumption results in higher design horsepower requirements over
considering equal importance of all three missions,

Transport Mission

Payload: 12 tons (outbound)

Radius: 100 n.m,

Veruise: 110 knots (12-ton payload)

Veruise: 130 knots (no payloaa)

Hovering time: 3 min. at take off (with l12-ton payload)
2 win, at midpoint

Reserve Fuel: 10% of initial fuel

Hover Capability: 6,000 ft., 95°F (OGE) Take off Gross

Mission Altitude: Sea Level, Standard Atmosphere

Fuel Allowance for Start, Warm-up, and Take off:

MIL-C-5011A

tleavy-Lift Mission

Payload: 20 tons (outbound)

Radius: 20 n.m.
Veruise: 95 knots (2u-ton payload)
Vecruise: 130 knots (no payload)




Hevering Time: 5 min. at take off

1" min, at destination with payload
Reserve Fuel: 10% of initial fuel
Hover Capability: OSea Level, Standard Atmosphere
Fuel Allowance for Start, Warm-up, and Take off:
MIL-C~5011A

Ferry Misgion

Ferry Range: 1,500 n. m. (no payload, STOL. take off)
Reserve Puel: 10% of initial fuel

Fuel Al.wance for Start, Warme-up, and Take off:

M I~C~-50114A

Minimum Design Load Factor of 2.0

Mission Altitude: Sea Level, Standard Atmosphere

Beat Speed for Rangs

VEAICLE DESCRIPTION

hs indicatad in Reference 3, page 48, the selected aircraft has a
singie main rotor, 95 feet in diameter, and a single tail rotor, 22
feet in diameter, for torque balance and yaw ccntrol, The C.G. range
selected is 50 inches, which is more than adequate for crane-type
missions, A l<-foot ground clearance is provided, The fuselage and
landing gear are so arranged that standard truck trai“er containers,
35-feet long and 8 feet by 8 feet in cross section, can be trucked into
position from the rear and secured at L points to the fuselage, Winching
at these points allows subsequent lowering of the modules either after
landing or during hovering. Otler objects up to 12 feet in width can
also be winched and secured to the fuselage. The general arrangement
of this aircraft is shown in Appendix I, Figures 50 and 52,




PrBLIMINARY #J RCRAFT PERFURMANCE

As recomuended in Reference 3, all aircraft cperation will be flown

at a L.in rotor tip speed of 700 feet per second, excepting the 6,000
{feet-959F nover requirement of the l2-ton transport missicn. For tnis
design condition, hover performance has been based on a main roter tip
speec of 050 feet per second, in accordance with Reference 3, requiring
a reduction in engine free turbine RPMN,

Required Engire Power

To determine the installed eng.ne power required for tnis aircraft, it
was initially assumed that the 1l2-ton transpcrt hover requirement was
the critical design condition.

For hover at 6,000 feet-95°F at a rotor tip speed of 650 feet per
second

SHP

]

0437 (GW)3/2 4+ ,0275° (GW)(D) (Reference 3,
i} Equation 16, page 17.)

= L0437(74,000)3/2 4+ ,02755(74,000) (35)
75

= 11,300 horsepower at 95°F,

Checking the rquired pewer to hover at sea leve® on a stanaard day
(59°F) for the 20-ton heavy-lift mission, the above eqguation becomes:

.03798(a )32+ .0735(Gw)(D)
D

SHP

13,000 hcrsepower at 59°F,

Engine selection

As indicated in Appendix II to tiis report, four different manufacturers'
engines were considered, Summarized telow are the manufacturer': nodel,
number of eng:.nes, and installed weights of engine and fuel requi.ed for
the average (or prorated) power for the l2-ton transpori mission,

The aumber of en@iues required is based on the hot-day (95°F) power
requirement of 11,300 HP.




Trnie prorated engine cutput power for the l2-ton missicn, applying the
eLuation of page 15 to the power spectrun of Table 9, is as follows:

Iroratead Power = b,800 HP
Prorated Power/Engine = 6,80) HP/nurber of engines

For t.is prelirinary engine weight evaluatiocn analysis, it has been
assumea that ail instualled engines are coerating continuously through-
out tne entire nissicn at prorated power. It is believed that shutting
down one or nore engines during the mission will result in arproximately
the sane fuel sav.ng regardless of the model engine selected,

No. Total
Eng. Engine Fuel lotal
keaqd. w.eight weight weight
Model (1b.) (1e:) (06 )
T64L/S54 L 3,060 7,760 10,820
JFTD=-124 ) 8,0 1C, 500 B, 575
LICLE-11A 5 3,40 9,300 12,500
5L6=-C2 A % * 10,790

#Reference Allison Report EDR 4ClO

Basea on this simplified analysis, it appears that the most desirable
ergines lor this aircraft on the basis of engine and fuel weight are

the T6L/SSA and the 54,8-C2. A detailed evaluation of engine installations
and estimated installation losses is presented in Appendix II,

MISSIOR ANALYSIS

.{ejresentative power and flapping spectra have been derived for the
single-rotor neavy-lift helicopter using estimated gross weights and
the performance data fram Reference 3 as well as flight test infor-
ration developed from CH-54A (Sikorsky S-64LA) flying crane experience
4s a gulde, These spectra are based con the following estimat<d gross
ht,‘ghtS:




Transport Mission = 74,000 pounds
Heavy-1ift Mission = 86,000 pounds
Ferry Mission = 100,000 pounds

The anticinated frequency and breakdown of shaft horsepower to the

major segments of the power train is presented in Tables 1, 2,
and 3 ,

The folliowing charts, Tables 4 and 5, outline the anticipated main
and tail reotor blade flapping angles and freguency of occurrerce,
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me Q'
TA2Ls

REPRESENTATIVE SPECTRA,
MAIN ROTOR FLAPPING ANGLE - 8

% Time e Degrees
1Z2=Ton Transpert 2C~Ton Heavy-
Mission Lift Mission

NCIE 10,56 12.00
A 10,12 11.%5%
.40 8.86 10.07
.80 6.79 7.72
3.88 5.30 6.02
2.95 L.58 5.21
2.80 4.31 4,90
20.43 3.90 L.43
13..85 3.34 3.80
2.4 3.17 3.60
6.06 2.80 3.18
23.L6 2.56 2191
14.51 2.38 2,70
1oty 2.19 2.49
3.00 2,06 2.34
2.00 1.52 1.73
2,00 .79 .90

Note: The anticipated main rotor flapping for the 1,500-n.m. ferry
mission is less severe than either the 1l2-<ton transport or the
20<on heavy-lift mission spectra.
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TABIE 5
REPRESENTATIVE SFYECTRA ,
TAIL R™TOR FLAPPING ANGLE - 8

% Time ﬁ Degrees
177 5.00
1.77 4.00
2,00 3.40
1.15 3.20
6.1 3520
6.01 2. T5
Le29 2.50
2,00 <2.40
1.18 2,30
2.06 2,20

1Bl 3 2.0

19.21 1.9

34.13 1.8
1.80 1.6
.42 1.5

sdi2 .15
.82 1.00




DESIGN 1OAUS

To determine the required design loads for each dynaric component (i.e.,
gears and shafting), the cumulative damage theory can be applied to

the power spectra and representative S-N curves using 3,600 hours as

the winimum design life for these components.

(earing ana Shafting

The spiral bevel gear S-N curve (Reference 6, page 30) modified f-~r a
reliatility of 0.999 has been used for determination of the following
design powers:

Design Power
Component (HP)
Engine Reduction Bax 4,500

l.ain Gearbox

Input Bevel Pinions 4,500
Uriven Bevel Gear L, 500%
Planetary Stages 14,200
Tail Rotor Take off 2,300
Accessory Urive 300
Internediate Gearbox 2,300
Tail rotor Gearbox 2,300

*Note: Four pinions drive the driven bevel gear; therefore, each
mesh was designed for 4,500 horsepower,




Bearings
For vearing selection, a proratec power 1s determined for each
e dr i r the power spectra considering equal
on trarsyort and 20-ton heavy-1ift missions.
A
/

4]
4
“*-?
=
o}
-
O O
[=C)

gceurren .
Prorated {(or time-w
equation:

\ WX
-~ faa) m [— 2} ’YQJB P-PH..
Prorated Terque T « PM) = Ty | ty + 1ty | 7| .
| - 1/ RPH,
' r’n i ~ 2
-n\ )-33 RFM —t O‘J
vee by LT n
S RPM, |
1 ]
The design prorated lcads are as follows:
Prorated Power
Component (Horsepower
Zngine Reduction Gearbox 2,055
Main Gearbox
Input Bevel Pinion 2,951
Driven Bevel Gear Shaft g,070
Planetary Stages 7,03GC
Accesscory urives 150
Tail Fotor Take oft 875
Intermediate Gearbox 875
Tail Rotor Gearbox 875

power car oe determined using the foilcwing



DESIGN RECUIREMENTS

Design Lives

The single=-rotor heavy-lift helicopter transmission system components
evaluated heresin have been designed to achieve a minimum service
interval of 3,600 hours at a reliability (R) of 0.999 or greater, All
bearings have been designed to achieve a B~l0 life of approximately
3,600 hours, Based on service experience ocbtained on large singie-
rotor helicopters of gross weights between 18,000 and 42,000 pounds,
these design goals should assure a comporient time between overhaul (TBC)
of 1,200 hours or more,

Critical components such as the main and tail rotor shafts and control
systems have been designed for service intervals of at least 3,600
hours at an anticipated structural reliability (R) of 0.9999.

Materials

The selection of materials for the transmission and ccntrol system
components evaluated in this study is based cn Sikorsky Aircraft's
extensive test and production aircraflt experience. All materials
considered for the HLY are currently used in similar applications
on production aircraft.

The use of special alloys such as AMS 4265 vacuum processed alloy steel

has been limited to critical bearing aprlications ¢r components where
its higher fatigue strength justifies its use.
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t should be noted here, that while the fatigue strength of smooth
vacuum processed hardened alloy steels has been reportea to pe higher
than air processed sieels, this difference in fatigue strength
diminishes considerably when notches c¢r stress concentrations are
present,® Where stress concentration factors of 2.4 or greater are
present, no significant differences in the fatigue strength of air amd
vacuum processed steels are apparent. Fatigue testing condueted at
WADC®™% indicates that two heats of L3LC stee)l heat treated to Ftu =

190,000 psi revealed no significant difference between vacuum and air
melt materiels when usinrs notched specimens with a concentration factor
o’ 2465

Since the root radius concentration factcr on the average gear is in the
order of 2,0 ts 2.4, vacuum processed steel is not warranted,

02 highly polished (or ground) parts such as bearings there is
considersble evidence to indicate that the vacuum melt steels are
Justaified, The service life of 52200 bearings, for example, has been
reportedly increased by a factor of 3 to 10 times by the use of

vacuum processed steels, Therefore, vacuum processed steels will be
used for righly loaded bearings where the calculated B-10 life is 5,000
hours or less,

Tne use of titanium alloys has been limited to such parts as planetary
carrier plates and the tail rotor shaft., Titeanium has been used in
simijar applications on several 3ikorsky production aireraft, an
investigaticn of the resuliing weight saving by the use of this
material for the main rotor shaft is alse included in this report,
Allowable Design Stresses

Gearing
Material: AMS 6260 (SAE 9310) steel

Spiral Bevel Cears

Bending Stress,* Fy = 25,800 psi (R= 0.399)
Compressive Stress, F. = 200,000 psi

*Note: The industry accepted design stress for
R= 0,95 is 30,000 psi.

* P.E. Ruff and R.,W, Steur,"Vacuum Melting Improves Properties cf H-1l
Steely Mptal Progress, Volume 80, December 1961, pp. 79-84.
#* F, B, Stulen, WADC TR59-507, August 1959

17




Spur Gearing

Bending Stress, ry (35,750 - ,704 PLV) psi
Campressive Stress, F, = 140,000 psi

Planetary Spur Gearing

Bending Stress, Fp, =

(31,500 ~ 0,625 PLV) psi
Compressive Stress, F.

= 140,000 psi

Shafting
Material: AMS 6260 (SA:E 9310) steel
Rc 30-L5 Core Hardness
Bending Stress, F, = 19,500 psi (k= 0.9999)
Torsional Otress, F, = 30,000 psi
Material: AMS 5000 (SAZ 4L34L0) steel
Fey = 200,000 psi
Bending Stress, F, = 21,800 psi (R = 0.9999)

Torsional Stress, FS = 35,000 psi

Housings*

Material: AZ91C Magnesium Castings
ZK60A Magnesium Forgings

#.ote: For design allowables see MIL-HDBK-5, August 1962

18




Control=-System Push Rods

Material: 7075-T6 Aluminum

Bending Stress, F,. = 13,100 psi ‘2 = ,9999)

b

Planetary Carrier Plates

Material: AMS 5000 (SAE i34L0) steel

F,, = 150,000 psi

Steady Bending Stress, Fb 45,000 psi

Plate Deflection = 0.0010 inch per inch

terial: 6Al-LV Titaniun

=

“tu 130,000 psi
Py = 42,000 pei

Plate Ueflection 0.0010 inch per inch

19




SENERAL TRANSEISSION SYSTEM DESIGN

BASIC TRANSMISSION SYSTEM

The basic and alternate transmission systems have been designed and
evi.luated assuming supercritical input shafting and hypercritical tail
rotor drive shafting. A separate evaluaticn of hypercritical and
subcritical shaft operaticn including stress and weight analyses is
made in 4 separate section of this report.

Both rrent® (Figure 50, page 227) and reart (Figure 52, page 231)
drive turbine installations giving similar performance for this
aircraft have been selected for the basic transmission s*udy to
determine what weight advantage, if any, is atfecrded by this mounting
variable., In the more detailed study of Appendix II, severali other
engine arrangements are evaluated for estimated performence in
compariscon tc the preferred engines.

A schematic of tne basic transmission system incorporating front
arive engines is presented in Figure 1, page 21. The gear ratios,
maximum cesign torques (for take off power), and the shaft speeds
are given,

A similar schematic for the basic rear-drive engine system is shown in
Figure 2, page 22,

#T6L/S5h
#%5,8-C2

20




96° L09
GzeE‘e

09L‘€
2Z6°S
SEoY

‘seuTduy aATug-
see‘e
09L°¢
ZeT6°S
SE0Y
966t
eey

9651
08L°S

009 ‘€T

(WdH)

Juo 4

("qT="urt)
enbuaoy qndury

‘oriruRyds weyshy UCTSSTWSURI ]

09¢€°zy
0$6 8¢

005 ‘'z
006 ‘S ¢
008 ‘06
D00°L90 ¢z

094096
050°6%

0$8°02

96/TE/ME
SS /M€

£9/0%
z9/16
£S/MET

sjeueTs g
182/€L/SET
gq8ueTd g

TLz/$8/101
Nel/LE
08/%¢

uotjonpey

‘1 sandi g

LiejaueTy

sy Tessg
Xoqxess (18]
X0QqJaesn ajewrpemIsquy

YS9K Jandq

YSeW Teoasg
J30 exe] TTE

LreqaueTy edeqg-puz
Areqauery adeqg-qsT
189G Tenag gndurt

XOQIeas) Ul ey
X0qJeen uoryonpey LutFumy

Ys oK

<




*SaUTHUT ODATI(-JED) ‘O(FBWAUDG WojsAS uclssTwsuel] °*Z sandtj

6° LOY 09L‘¢ 056fet T:8T°Y xoqJes:) Te]
0GL € z26°S 006 1z €9 /on X0QIBar 91BTDAULISGU]
Z9 oYt 966 ‘1 0644096 T:C°TT sadelg Arelaumiy
AN G0y 006°S¢ 29/16 ysoy 1ndg
GEO“Y 965 ‘T 008 *06 6G/6LT 198G Tensg
J3o wyel Trey
35S (sUTFuy paBOqQqr
966°T 00049 000 ‘LY 6LT/LE  ToASE UTRH oy wmm reoquy
656 °T 0009 000°L 9¢/9€  1sasg andul suuy pI©OQINO
NOD.HMOO UtTeR
(Xo0g €,Jeanjoeynuey uTIuUy) o
000°9 0ZE 61 006 ‘7T 1:22° ¢ Xxog uoT3onpay dutrduy s
(RdH) (W) (*qQr-°ut) uoTINpay
paadg paady enbroy qandury
and3ng qndu g 5




MALN GhalBOX

Discussicn

For the Iront=drive ergine installation of Figure 1, the rain gearbox
nas been cesignea with the two aft engine speed reductions integrsted
irto the ..2in case as right angle spiral bevel gears of 2.36:1 ratic.
(The forward engines utilize individual engine reduction boxes of
similar ratio.)

The power from ail four engines has been cormbined tnrough separate
spiral bevel meshes at a common criven gear. The ratio of this set is
37/134., Two plunetary stazges, incorporating 6 and 8 planets,
respectively, arive the 95-foot-diamster main rotor at 141 RPM (700
feet per second),

The tall rotor system arive pinion meshes with the m&in driven bevel
gear forming a 3.96:1 speed increase, A spur gear mesh in turn increas=2s
tiie speed Lo arive the tall rotor drive shaft hypercritica.ly at 5,922

at the low operating stresses indicated in Aprendix 1II, a relatively
.igh degree of bevel gear relizbility (R = .999) should b. obtained
with tne following bevel gear prepcrtions.

Input Set - No. 1 and Nc. 4 Engines

Pinion Gear
Number of Teeth 34 80
Diametral Pitch 5.549
race Width 2.650
Pitcn D.ameter 6.149 14,459
Face Contact Ratio 2,112
Pressure Angle @ = 20°
Mean Spiral Angle 9A'= 200
Shaft Argle 2 = 90°
Pitch Angle Y =23021 M 660581

<3




Pinion Gear

Hand of Spiral RH 1H
Direction of Rotation CCW Cw
Second Stage Bevel Reduction

Number of Teeth 37 134
Diametral Pitch 4.092

Face Width 3.25

Pitch Uianeter 3.042 812, T
Face Contazt Ratio 1. 659

Pressure angle ¢= 20°

hean Spiral Angle ¥ = 20°

Shaft Angle Y = 022

Fitch angle ¥ = 13941 ["= 600z81
Hand of Spiral RH IH
Lirecticn of Rotation CCW CW

To transfer power to the tail rotor, a bevel pinion meshes with the
above 134 tooth gear, in turn driving the tail take oif spur gear.
Tail take off pinion proportions are as follows:

Number of Teeth 53

Diametral Pitch L,092
Face width 1.750
Pitch Diameter 12. 952
Face Contact Ratio 1.038
Pressure argle @ = 20°




_ (
lLean Spirali nngle Y = 2309261

Sraft angle > = 8(0036¢
Pitch ~igle ¥ = 20%:
Heriw of Spiral RH
Uirection cof xctation CCw

Tail Luxke off S ur Zeurs

[F

Jne reculrea il taxke oif spur gear face vidth has been determined
uein; lie stre.s level: indicated on page 18,

“€51£0 bata

in = (63,025)(<,300)/4,035
Tin = 35,900 in,-1b,
5;inion = 62
N-ear =SS
by =G
"t = 2D = 2x 30,900
D (62/6
y, = 0,950 lb.

n.lowi:ble Ltresses

PLV = ,262 (D)(RPN)
bLV = {,262)(62/6)4,035
BLV = 10,900 fpm
2 = 35,750 - .704 x 10,900
F = 28,070 psi
) Ko = 140,000 psi

25




Face Width Calculsations

N o= 62
Dojn = 10,333
X = 195
K = 1,03

FWop = 1.5 x 6,950 x 1,03
28,070 x .195

FWgp = 1.9

P = 20x10%x6 10, 15,1667
2.707511;.0,00052S

F-w.h = 14715

Therefore, required spur gear face width to provide sufficient overlap
and insure operation within allowable stress levels is 1.970 inch.

otress Analysis

The dynamic components of the mein gearbox nave been analyzed for
vibratory bending and/or steady torsion where applicable. This
analysis is presented on the following pages,

26




Figure 3, High-Spesd-Input Bevel,

Critical Section L-=A

G, = 3.7 Z = 3.4
1.D. = 2.85 Kt = 2.65
N o= 185 Y1,710° + 3,522 = 7,2L0 in.-lb,
fe = Ke¥ = (2.65)(7,200)
Z 3.4l
£y = 5,630 psi
Fen = 19,500 psi
MS. = fen -1 = 19,500 -1
v 5,630
M.S. = 42,46

27




3,100 f 4,00

ATl

Figure 4 , High<Speed-Driven Bevel,

Critical Section A-A

0.0, = 4.50 Z = 2,286
I.D. = 4,18 Kt = 1.70
- 2 2 .
M = 3,75 \/(5,160) t (G,610)° = 23,620 in,ogp,

o= A" o 10 (256000 o 17,570 psi
7 2. 286

Fen = 19,500 psi
F
WS = Zen -1 = 19500 o
fb 17)573
MS. = +,10

28




Figure 5. Guill Shaft (Input Bevel to Freewheel Shaft),

Criticai Hection A-A

¢.0., = 3.80 Z = 1,421
IaDr = 2252
i = 63,000 {4,500) = 49,050 in.-~1b,
5,780
fg = I = L4L9,050/2z (1.421) = 17,250 ps.
2%
k.S, = 115,000 -1

1.5 (2{17,550)

Mosc = 4'1.90

29




11 !

Figure 6, Freswheel Housing.

Critical sections through housing are at roller contact points.,

%

il

It

Full load Lip Angle = 5°
Roller Radial Load = 24,670 1b,

Roller Tangential Load = Ph tan (/%) = 1,08C 1b.

b

End Luad at any cross secticn cof roller housing, lt,
il s U = 224 rad. = 129511

No. Rollers J7A

8.36
Ph | Ap +(bh - Am—‘l (1 ~cote) =
2 2| o

Nl U
c*
Lt
l o
o
Nyt
>
=

24,670 [:6.50 + (8.36 - 6.50%]{: 1 - cot ;r°517]-
2 . 22L, .

1,080 (8.36 = 6.50)
2 )
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Pa =

Aping =

-’7’150 iﬂ.'lt-

+3.80

Pucot 0+ Py = 24,570 cot 12951 + 1,080
2 2 2 2
54,610 1lb,
(b = &p) /7 = (8.36 - 6,50 {2.00)
5.72 in.<
Pa = 54,610 = 14,680 psi
& ring 3.72
= 6N = 6(7,150) = 6,200 psi
7 oy, - Y% 2(8,36=6,5C)%
136,000; Fy, = 201,000
= 1 -] = b
oD ikt w SR ) 1.5 (14,680 + _6,200 )
ftu fou 136,000 201,000

-1




P

=]

5,040

Figoure 7. Input Bevel Pinior,

Critical Section A=A

Z = 2,166

& = ll77

2 2
1.5 \/(6,120) + (1,480)
11,320 in,-lb,

1,71 gl%gzzoz = 9,270 pst
2.16¢
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Fen = 19,800 psi

fan -1 = 19,800 -1
b 9,270

M.S,

MS. = + 1,13

Oute:r Shaft

To 1ndicate the design adequacy of the outer shaft, section A=A of
Figure 8 has beer analyzed, In the critical loading condition, shown
on page 35, three engines transmit torque to the main rotor shaft while
2,300 horsepower are supplied to the tail take off bevel gear shaft,




r

-
m
b

~C

17.25 '

""-..‘_\

Typical Input
Gear Loads

Figure 8, OQuter Shaft,
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,;’ b v -
4 JI ]

oy e

. -

1 o '_ S— 7\}()
lJ_’r.,r -

. 1,900 '

\//' 5,820

o

e

Section A-A of Figure 8,
Critical Section A=A

0.0. = 23,84 Z = 80,68
I0. = 3.7 K, = 235
M = 2.75 \/(20,210)2+(16,800)2
M = 72,270 in,-lb,
£, = KM o= 2,35 {72,270)

wa 80,68
fb = 2,100 psi

Fon = 15,000 psi

M.S. = Fop =1 = 15,000 -1 = + 6,14
= 2,100
*b




M

A :
- )
g —— L r S D
il
N A

2,890

i

i

f

9.

Figure

ritical Section A-A

L.37
L.OO

(=3,6L0)(3.95) + (4,780)(.7)

(-1,480)(3.95) + (1,980)(.7)

o
/]

L,780

Tail Take o7f Eevsl

7%
o

ky,

V (11,030)%+ (4,440)°

11,900 in,-lb,

36

civsl Cllys
Gear ohaft

<. 442
= 2,4

= =11,030 in.-1b,

=L,46C in,-lb,




£, = K, M = 2,00 (11,900)

b
%, 2442
fb = 9,790 psi
en, = 19,500 psi
M.S. = 19,500 =1
9,790
Mo, = +.99
1,9¢
/.,'?80
N
|

-—ﬂ/ f\‘

< ’-"79!\" l, 990
T / ‘-‘/
Lo A f 825
1,155 ht-—— 3,12 ———af

Figure 10, Tail Take off Spur Gear Shaft.

Critical Section A-A

0.D. = 3..8 Z = 1,599
I.D. = 3.09 K, = 1.5
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M

en

M.S.

Il

3.12 \/ (1,990)2 + (825)2

6, 750 in.-lb.

ﬁ = (6,750)(1.56)
7 1.599
6,590 psi
19,500 psi
Fen -'l = 19,500 -'l
iy 6,590
+ 1,96
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Bearing Analysis, Computer Solution

The lives of the high-speed-input triplex and quadruple ball bearing
sets, accompanying roller bearings, and the ‘first- and second-stage
planetary pinion bearings were obtained using an indepencently
developed general bearing life sclution, In this solution, elastic
yYielding of the shaft and supperting structure is considered, as well
as centrifugal and gyroscopic moment loading of the rolling elements
under high-speed operating conditions, A 7090 computer has been used
to achieve a numerical solution by iterative techniques,

Ball Bearings

The B-10 lives of the triplex and quadruple high-speed bearing sets can
be determined using the following equations,

Capacity

The capacity of a ball bearing race contact for one million (10%)
revolutions and 90 p- .cent probability of survival is given by the

relationship .

¢ i1 1.39
. [ qu] 2f-1] [(1: ¥cos 8q)*3? e

Note: For inner race contact use upper signs,
For outer race contact use lower signs,

B-10 Life

The livea of the inner and outer raceways for a given bearing in a
triplex or quadruple btearing set with inner race rotation, expressed
ir hours for a 90 peicent probability of survival, are given by the
following ejuations,

Inner Raceway 6
(n) 10
o = P
BT ol L ( _43)3
g=1 | Qeq

*llote: Nomenclature for bearing analysis is presented on page 4%,
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Outer Raceway

Blo = 106

60(RPM)[% éz: (gz_:\, 10/3 ].9

q-1

The life of onme complete bearing of the s¢t is expressed as
follows:

) T

The life of the entire set of (n) bearings is given by:

L set -[(_%_) 10/9 +(5%2_) 10/9 4 ... +(§11;) 10/9:‘-‘9
BL1 ]

Roller Bearings

The B-i0 life of high-speed roller bearings and planetary pinion
bearirzs can be determined by the following equatiocns.

Capacity

The capacity of a cylindrical roller or planetery pinion bearing race
contact for one million revolutions and 90 percent probability of sur-
vival is given by the following equation.

- _~129/21
Qeq = A E‘i"‘i’%‘j‘l/h

g 29 a £ 19,

* See note on page 39.

The lives of the inner and outer raceways for high-speed rollier bearings

ard planetary pinion bearings expressed in hours for 90 percent
probability of survival is calculated as follows:
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Raceway I

RE1 = 10 7 =9
60 (RPM)[1 F 9/
( )[a » (—&Qf ) 1
q=1 cq
Raceway II

RLII = _n 106 )
60 (RPM) n ggg\‘*
Qcq /

q=l

Note: In the case of the high-speed cylindrical roller bearings
accompanying the triple< end quadruple sets, raceway I
becomes the outer race and Pyy becomes P,;, while raceway
II becomes tne inner raceway and Pr1q becomes Pjq.

In the case of planetary pinion bearings, raceway 1 becomes
the inner raceway and PIq becomes Piq, whi.e racewey II
becomes the outer raceway and Pryg becomes Poq-

The life equation of a complete high-speed cylindrical roller bearing
or planetary pinion bearing, expressed in hours for 90 percent probahil-
ity of survivael, takes the following form:

RL 1 (2 + -8/
() e 2 |

In the case of planetary pinion bearing, the deflection of the pinion
gear and bearing inner race due to gear separating loads is accounted

for in the bearing life analysis.

The above bearing life analysis is similar to that presented in ASME
paper number 59-1ub-10, "A General Theory for Elastically Constrainrad
Ball ana Radial Roller Bearings Under Arbitrary load and Speed Con-
ditions", by A. B. Jones, October 20, 1959.
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The computer lives of the bearing applications described below are
based on the bearing 1ift analysis presented herein.

#1 and # high-speed inputs, Reference Figure 3, page 27
219-size triplex set, L = 3,714 hours
312-size roller bearing, L = 6,c03 hours

2 and #3 high-speed inputs, Reference Figure 17, page 73
216-size quadruple set, L = 4,072 hours _}—- Engine Reduction

I Gearbox
216-size roller bearing, L = 14,848 hours |

-

First-stage planetary pinion bearings:

Diameter over rollers = 12.20

Bore = 0.1

Length = 3.25

L = 10,656 hours
Second-stege planetary pinion beerings:

Diameter over rollers = 10.L

Bore = 7.36

Length = 6.0

L = L 474 hours

L2
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Nowenclature

A

A!

A fatigue constant for ball bearings

A fatigue constant for :'oller bearings
Pitch diameter of bearing, inch
Fatigue life for ball bearings, hours
Fatigue life for roller bearings, hours
Speed of rotating race

Dynemic rolling element Joads at outer and inner race
contacts, pounds

Capacity of a ball and roller race contact for 90 per-
cent probability of survival to 106 revolutions of
inner race, pounds

Effective length of roller, inch

d Ball diameter, inch
p Ratio of transverse radius of ball race to ball diameter
n Number of balls in the system
e Initial contact angle of ball bearing after mounting -
degrees
¥ Ratio of d/e
Li Inper raceway fatigue life, hours
Lo Outer raceway fatigue life, hours
Subscript q refers to conditions at the q'B rolling element
position.
43
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TABLE 6
EEARING LIFE SUMMARY,

MAIN GEARBOX
Bearing Page Fig. Locat. Life
wme Location No. No. Tetter (Hr.)

Triplex Set High-Speed-Input 27 3

Bevel A 3,71k
Roller High-Speed-Input 27 3

Bevel B 6,209
Roller Driven Bevel - 1st

Stage 28 A C 8,070
Duplex Set Driven Bevel - 18t

Stage 28 A D 5,420
Tapered Roller 1Input - Main Bevel 32 7 E oo
Tapered Roller Input - Main Bevel 32 7 F 4,610
Roller Input - Main Bevel ) 7 G 5,990
Tapered Roller Outer Shaft 3l 8 H 3,860
Tepered Roller Outer Shaft 3 8 J oo
Roller Outer Shaft 34 8 K 8,340
Roller 1st-Stage Planetary " - 16 10,656
Roller 2nd-Stege Planetary - - M L,u7h
Roller Main Rotor Shaft 58 13 N k,950
Triplex Set Main Rotor Shaft 58 13 )3 3,410
Roller Tail Take off Bevel 36 9 Q 15,200
Tapered Roller Tail Take off Bevel 36 9 R o
Tapered Roller Tail Take off Bevel 36 9 S 10,950
Roller Tail Take off B 10 T 19,610
Ball Tail Teke otf 37 10 U 5,990

Note: All beerings in the primary drive train (engine through
main roto?? with B-10 lives of less than 5,000 hours will
be mede from vacuum processed 52100 steel.




Planetary Gear Reductions

The plenctary reduction stages have been designed with separate upper
and lower cage (carrier) plates connected by means of clamped spacerc
and the preload Jjournal of the planet pinion bearings. Both the
primary and secondary plenetary reduction stages are shown in

Figure 54 of Appendix 7.

W? h this design, the components are designed to stress levels con-
sistent with good reliability. Deflections of the carrier plates are
accommodated by cutting corrective helix angles in the sun and ring
gears, crowning and providing tip relief in the mating gear teeth.
This design rractice has produced reliasble, efficient, and lightweight
designs of simple planetery stages in use in current production
helicopter transmissions.

Determination of the required face widths and planetary cage plate
thicknesses fullows.

Planetary Stages - Gear Face Width Calculations

Determination of the required face widths will be based on allowable
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